Introduction
Conjugated polymers are being investigated for use in low-cost, large-area applications such as light-emitting diodes (LEDs), [1, 2] photovoltaics (PV), [3, 4] and thin-film transistors (TFTs). [5 -8] Charge transport in conjugated polymers is important to the performance of both PVs [9, 10] and TFTs. In TFTs, the drive current, threshold voltage, and operating frequency are the key parameters. [7] The drive current and operating frequency are determined by device geometry and the charge carrier mobility. Moore's law clearly shows the effect of reducing the channel length on the operating frequency in silicon transistors. Reducing the channel length also increases the drive current. In polymer TFTs, reducing the channel length is not always an option due to the limited resolution of the commonly used low-cost fabrication methods. Additionally, Chabinyc et al. have shown that polymer TFTs with dimensions less than 10 mm no longer obey the gradual channel approximation. [11] The overall device area of TFTs used to drive display pixels is limited to a fraction of the pixel size, so increasing the channel width to increase drive current is not an option. Finally, the capacitance of the dielectric could be increased by reducing the insulator thickness or increasing the dielectric constant. Both of these options can only provide limited increase in current since they both tend to increase manufacturing costs. Since device geometry alone is not sufficient to increase TFT performance, the charge carrier mobility of the semiconductor is thus the key parameter for improving TFT performance.
Charge Transport in Conjugated Polymers
The charge transport of conjugated polymers has been studied for nearly two decades. Early work focused on developing conjugated polymers as plastic conductors and tried to increase the conductivity, s, to that of the inorganic metals. [2] This was accomplished by highly doping the polymer and stretch orienting the films. Polyacetylene, [12 -14] polyaniline, [15 -17] and polythiophene [18 -20] were the predominant polymers studied for conductor applications. In 1986, the first functional polymer TFT was reported by Tsumura et al. [21] In a TFT, a large modulation of conductivity is desired between the on-state and the off-state. Doping increases the threshold voltage and since polymer TFTs are an accumulation-mode transistor, a large reverse gate voltage would be required to turn a doped channel off. Doping is thus undesirable in TFTs and therefore conductivity is not a meaningful measurement of charge transport for TFT materials. The advent of TFTs shifted the charge transport focus from conductivity to charge carrier mobility, m. Conductivity is fairly straightforward to measure with either two-point or four-point measurements depending on the sample to be measured. In the simplest case the resistance between two electrodes is measured and converted into conductivity. The charge carrier mobility is slightly more complicated to measure because the carrier concentration, n, must also be determined in order to convert conductivity into mobility (Eq. (1)). Alternatively, the mobility can be determined by measuring the carrier velocity, v, at a given electric field, E.
The primary methods for measuring charge carrier mobility in conjugated polymers are time-of-flight (TOF), [22 -25] pulse-radiolysis time-resolved-microwave-conductivity (PR-TRMC), [26 -28] modeling space-charge-limited-current diodes (SCLC), [25,29 -32] and modeling TFTs. The mobilities in conjugated polymers are usually too low to be measured by the Hall effect. TOF, PR-TMRC, and SCLC measure the bulk mobility of films. TOF can determine the electric field dependence of the mobility but works best on thick films (.1 mm) since the transit distance must be at least ten times longer than the absorption depth to assume that all carriers travel the same distance. Determining the TOF-mobility of films with a distribution of mobilities (dispersive transport) is also complicated since the arrival of carriers at the electrodes is spread out. Additionally the mobility measured with TOF is usually biased towards the fastest carriers in the film. PR-TMRC is a contactless measurement, so the measurement is guaranteed to be the intrinsic property of the material studied and is not affected by the presence of metal electrodes. The primary limitation of PR-TMRC is that the carriers only move a small distance in the applied microwave field and the measurement can also be dominated by the fastest carriers. SCLC allows the measurement of charge transport in thin-films similar to those used in PV cells. The primary limitation of the SCLC measurement is that both the carrier concentration and electric field continuously vary across the channel, making it difficult to measure the carrier or field dependence of transport. The other limitation is that electrons and hole mobilities cannot be measured with the same device, since the work function of one of the electrodes has to be adjusted to make the device either a hole-only or electron-only diode. Expressions for both
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field-dependent and field-independent cases have been developed to extract mobility from the SCLC IV curves.
It is well-known that the mobilities measured with TFTs are several orders of magnitude higher than those measured with other techniques. It was usually assumed to be due to morphology effects since all of the transport in TFTs occurs within 5 nm of the gate dielectric and the other techniques measure the mobility normal to the substrate. Additionally, conjugated polymer films usually have the chain backbone preferentially lying in the plane of the substrate. Since the chain backbone is expected to provide good transport, [28] the in-plane transport would be expected to be better. Tanase et al. provided an alternative explanation for the difference in mobility in the two directions in amorphous films by pointing out that the charge carrier concentration is several orders of magnitude higher in TFTs than in other devices and that the mobility is charge carrier concentration dependent. [33] In films such as regioregular poly(3-hexylthiophene) (P3HT) that crystallize, the insulating side chain axis typically orients vertically, inhibiting charge transport normal to the substrate. [34] These crystalline films with preferential ordering would be expected to also have a strong morphology component to the mobility difference between TFTs and diodes in addition to the carrier concentration. [35] The apparent carrier dependence in mobility can be explained by two different mechanisms. In disordered semiconductors with hopping between localized states, increasing the carrier concentration fills the deepest traps and reduces the average trap depth. [36] This effect is the basis of the carrier dependent mobility in the variable range hopping model of Vissenberg and Matters that has been used to describe polymer TFTs. [37] When the semiconductor becomes partially ordered semiconductors, it is no longer clear that the assumptions of variable range hopping are valid. Delocalization of the charge carriers over several molecules create extended states. Salleo et al. have used the mobility edge model to describe these films. [38] The mobility edge model is similar to the multiple trap and release model used to describe amorphous silicon and crystalline small molecule organics. [39 -41] The apparent carrier dependence of the mobility of TFTs is actually due to the fact that only a small portion of the carriers induced by the gate are mobile. Most of the carriers are trapped in localized states in the band tail and screen the gate field. Increasing the gate voltage increases the fraction of carriers above the mobility edge, resulting in an increase in the number of mobile charges and thus the effective mobility.
Morphology in Conjugated Polymers
Since the chain length of polymer molecules is considerably less than the channel length of TFTs or the thickness of diodes, charges traveling through a film must hop between molecules to get from one electrode to the other. Hopping between molecules is related to the intermolecular overlap of neighboring molecules, which is clearly dependent on how molecules pack on each other. Additionally, conjugated molecules are typically longer than the persistence length, so a charge is not expected to be able to travel the full length of a molecule before having to hop to a neighbor. The persistence length in a solid state film is generally also related to the chain packing. Therefore the chain packing is critical to charge transport.
Initial conjugated polymers were intractable due to the lack of side chains. The addition of side chains lowers the melting temperature and increases the solubility by separating the conjugated backbones and the reducing the rigidity of the backbone. The separation of the backbones by the side chains reduces the intermolecular overlap,
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and thus impedes hopping of charges between molecules. This separation of the conjugated backbones is beneficial in light-emitting diodes since intermolecular overlap promotes excimer formation. Molecules for LEDs are typically designed to form amorphous films, since the packing associated with crystalline aggregates decreases the power efficiency due to excimers. These molecules typically have asymmetric, bulky side chains that cause the molecules to twist. The twisted molecules cannot pack efficiently. Conjugated polymers that crystallize tend to be more rigid and planar. Poly(3-hexylthiophene) is a classic example. The regiorandom version has a twisted chain conformation with poor packing and low crystallinity while the regioregular version has a planar conformation with efficient packing and better intermolecular overlap. [42, 43] The regioregular version has a several order of magnitude higher charge carrier mobility with the polarons delocalized over several molecules. [44 -46] Morphology of conjugated polymers has been primarily analyzed through atomic force microscopy (AFM) and x-ray diffraction (XRD). [47] AFM images the surface morphology, but does not provide direct information on the film bulk or the region near the interface with the gate dielectric, which is where all of the TFT current travels. AFM images of conjugated polymers are also very sensitive to tip effects since the molecules tend to frequently contaminate the tip during imaging. [48] XRD provides information on the spacing and orientations of crystal planes. Prosa et al. used XRD to show that regioregular P3HT had a novel side chain packing structure compared to regiorandom [49] and that higher order peaks need to be used to correctly calculate the crystal size from peak widths by including the effect of non-uniform strain. [50] XRD of thin-films generally only measures the crystal planes with lattice vectors normal to the surface and samples the entire thickness of the film. In order to look at the in-plane packing in thin-films, grazing incidence x-ray scattering (GIXS) is required. GIXS is a surface sensitive technique where the penetration depth can be controlled to the first few monolayers by adjusting the incidence angle. [51, 52] GIXS has been used to show that high mobility P3HT films tend to have crystals with their p-stacking direction preferentially oriented in-plane. [34,48,53 -58] GIXS has also been used to extensively study the morphology of many other conjugated polymers. [59 -62] The main limitation of x-ray measurements is that semiconducting polymers are often semicrystalline and the x-rays primarily analyze the structure of the crystalline regions. The amorphous fraction of these films is usually large enough to affect charge transport. Near-edge x-ray absorption fine structure (NEXAFS) measures the average orientation of the molecular orbitals, thus providing information on both the crystalline and amorphous regions of the film. NEXAFS has recently been used to measure the average surface orientation of conjugated polymers. [63 -65] 
Dependence of Charge Carrier Mobility and Morphology on Polymer Molecular Weight
The molecular weight (MW) of a rigid rod polymer like P3HT would be expected to affect the morphology. Conjugated polymers are typically thought of as semicrystalline films with small ordered domains and large amounts of amorphous material. Molecules in low-MW polymer films should be able to crystallize into a structure more like that obtained with high-mobility small molecules like pentacene. Molecules in high-MW films would be expected to be kinetically limited from forming large crystalline domains. Conventional theory on charge transport in organic semiconductors would predict that the more ordered, low-MW films should have higher charge carrier mobility than their less-ordered, high-MW counterparts. We have shown that in reality the opposite is true. The charge carrier mobility determined by TFTs of regioregular P3HT spin cast from chloroform on HMDS-treated substrates decreases four orders of magnitude when the MW is reduced by one order of magnitude (Fig. 1) . [66] This trend of increasing mobility with MW was also observed in SCLC diodes, although it was only a factor of 15 increase from low to high. [31] Morphology analysis of the films clearly show that the low-MW films are in fact substantially more crystalline than the high-MW films. AFM images comparing low-MW films to high-MW films show that the low-MW films have rodlike crystals whereas no features indicating crystallinity can be seen in high-MW films (Fig. 2) . Since the width of the rods of low-MW films corresponds to the length of the molecules, the molecules must be oriented perpendicular to the length of the rods. X-ray diffraction shows that the low-MW films do in-fact have substantially more crystals with their alkyl chains oriented out-of-plane than the high-MW films (Fig. 3a) . XRD also shows that the low-MW film has some out-of-plane p-stacking. In-plane diffraction from GIXS measurements curiously shows that both films primarily have in-plane alkyl stacking with very little in-plane p-stacking (Fig. 3b) . For low-MW films, the combination of alkyl and p-stacking in both the in-plane diffraction and the out-of-plane diffraction suggests that a large distribution of crystal orientations exist in the film. Rocking curves confirmed the existence of crystals with different orientations. Figure 3c compares the rocking curve of a low-MW film to that of a medium-MW film. A high-MW film is not shown because the Bragg peak was so weak compared to the background that it is difficult to correctly subtract out the reflectivity component. The rocking curve of the low-MW film shows a broad distribution of crystals whereas the medium-MW film has a very narrow distribution of orientations. The key thing to note about the medium-MW film out-of-plane diffraction is that more than 95% of the Bragg peak is from these highly oriented crystals. The importance of these highly oriented crystals for charge transport will be discussed further in section 4. The broad distribution of crystals in low-MW films suggest a structure like that shown in Fig. 4a . Since the alkyl side chains are insulating, P3HT crystals can only conduct in two-dimensions. This anisotropy results in a Figure 1 . Results of transistors with varying molecular weight. a) Current-voltage curves of a 10-mm long by 40-mm wide transistor with a molecular weight of 33.8 kD. The inset shows a diagram of the device structure. b) Plot of field-effect mobility versus the number average molecular weight. [66] 
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number of combinations of grain boundaries. Any grain boundary where one crystal face consists of alkyl chains will block inter-grain charge transport. Inter-grain transport can also be limited by the poor overlap between the neighboring grains. As shown by the structure of Fig. 4a and that of rodlike crystals illustrated in Fig. 5 , it is clear that intergrain transport is severely limited in the low-MW films due to the poor connectivity between grains and the large number of insulating grain boundaries. In the case of the high-MW films, there are no well-defined grain boundaries. Since the molecules are much longer than the size of the ordered domains, individual molecules are expected to be part of several domains. These bridging molecules limit the amount of misorientation between neighboring domains and provide a possible pathway for charges to go between neighboring domains.
[67]
Modifying Morphology at a Constant MW
The results of the previous section suggest that the MW effect on mobility is mostly due to morphology, but they cannot rule out an inherent difference in charge transport due to chain length. Two possible explanations for improved transport with longer chains exist. The first is that charge transport along the chain is expected to be better than hopping between chains. [28] Longer chains would reduce the number of hopping events [66]
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and thus increase the effective mobility. The main problem with this argument is that it is unlikely that the high-MW molecules are defect free along their entire length. In reality, the high-MW molecules should be treated as a number of smaller segments of conjugation separated by insulating defects such as kinks and twists. These defects interupt the overlap of neighboring p-orbitals and thus break the conjugation. The other explanation is that the longer chains of the high-MW films reduce the ordering threshold for bandlike transport compared to low-MW films. Beljonne et al. have used theoretical modeling to show that this is the reason that the charge transport in disordered polymers is close to that of polycrystalline small molecules. [68] In order to determine whether the mobility versus MW trend was due to morphology or chain length, the morphology was modified at a constant MW to decouple the variables of morphology and chain length. Unfortunately the difference in chain length between low and high-MW is so large that it is not possible to get the same morphology for both a low and high-MW film. in-plane diffraction of low and high-MW films cast from chloroform on HMDS treated substrates. c) Results of rocking curves on the (100) peak of a low and medium-MW film. Inset is zoomed in on log scale. The peaks labeled S are not from the polymer film; they are from either the substrate or the sample mount. [66] 
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Processing variations were used to modify the morphology at constant MWs. Films were annealed, spin-cast from a higher boiling point solvent, and drop-cast. Substantial variations in mobility were observed for the low-MW films while the mobility of high-MW films varied only slightly with processing conditions (Fig. 6) . Each of the three processing modifications increased the mobility of the low-MW films up to one hundred times the as-spun from chloroform case. In each case, the difference between low and high-MW films was reduced to two orders of magnitude, but a trend of increasing mobility with increasing MW was still observed. The large variation in mobility of the low-MW films with processing suggests that the low-MW mobility is limited by morphology.
As expected, morphology measurements show considerable change in the low-MW films with processing conditions. AFM images clearly show a change in the packing of the rodlike crystals of the low-MW films (Fig. 7) . In each case, both the length of the rods and the overlap between neighboring rods increases. The AFM images clearly suggest that charge transport between neighboring rods should be better as the rods appear to be connected better. In the case of the drop-cast film, the rods are several microns long. AFM images of high-MW films showed minimal changes with processing. XRD showed that the out-of-plane alkyl stacking peak intensity increased with processing changes for a constant MW (Fig. 8) . This indicates that the number of crystals oriented with their alkyl peaks normal to the substrate has increased. Additionally the Bragg peaks are sharper, indicating that the crystals are larger. GIXS shows that the in-plane p-stacking increases while the in-plane alkyl-stacking decreases in cases where the mobility at a constant MW increases (Figs. 9a and b) . The GIXS measurements also show that the peaks become sharper with processing. GIXS shows no change in the in-plane packing in cases where the mobility does not change. The correlation between in-plane p-stacking and mobility agree with what has been shown previously by Sirringhaus et al. [34] The key result of the GIXS measurements comes from comparing low-MW films to high-MW films with similar processing (Figs. 9c and d) . These comparisons show that there is a shift in lattice spacing for the alkyl stacking with low-MW films having a smaller spacing [69] and that the low-MW films have much sharper peaks. The most important difference occurs with the in-plane p-stacking. In the case of the annealed films, the high-MW film has a mobility eighty times larger than the low-MW film despite having substantially less in-plane p-stacking. Clearly the relationship between mobility and in-plane p-stacking cannot explain the mobility-MW difference.
The remaining question is whether the improved mobilities of low-MW films occur because of the increased overlap of neighboring rods shown in the AFM images or due to the increased in-plane p-stacking. Rocking curves can provide a better understanding of what happens to the morphology of low-MW films with processing and an answer to Figure 5 . Model for transport in low and high-MW films. a) Charge carriers are trapped on nanorods (highlighted in grey) in the low MW case. b) Long chains in high-MW films bridge the ordered regions and soften the boundaries (marked with arrow). [48] 
Morphology and Charge Transport in Polymers 35
this question. Figure 10 shows rocking curves of the low-MW film before and after annealing. Clearly, annealing increases the number of crystals with their side-chains oriented normal to the substrate. The annealed film also has an increased concentration of highly oriented crystals compared to the as-spun film. Since the p-stacking direction of these crystals is perpendicular to the out-of-plane alkyl stacking, one would expect an increase of in-plane p-stacking with the change in crystal orientation observed with annealing as observed. Furthermore, the increased number of crystals with their side chains oriented normal to the substrate means that fewer crystals can have their side chains oriented in-plane and thus there will be fewer insulating grain boundaries in the plane of charge transport. The better connectivity observed in the AFM images is due to neighboring rods having similar orientations and thus better inter-grain transport. The increase in the in-plane p-stacking is simply a measure of this change in crystal orientation that results in better intra-grain transport and higher mobility.
Modifying Surface Treatment of the Substrate at a Constant MW
In the previous sections, rocking curves showed the presence of a large population of crystals oriented within 0.03 degrees of the substrate normal (resolution of the instrument) in some of the P3HT films. These highly oriented crystals are substantially more oriented than would be expected for polymer crystals. Previous measurements of P3HT crystal orientation used a lower resolution set-up and reported distribution widths of 12 -40 degrees. [56] The two possible locations to have such highly oriented crystals are the substrate and the air-film interface. Surface-induced ordering has been previously observed in liquid crystals and block copolymers at both the substrate and air interfaces, although the degree of orientation is typically less. [52,70 -72] Crystals in the film bulk could [48]
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not have such a high degree of orientation with the substrate. If the crystals were nucleated from the substrate, then changing the interaction between the polymer and substrate by modifying the substrate surface should affect the crystal nucleation. On the other hand, if the crystals were nucleated from the air-film interface, the substrate surface should have minimal effect on the crystal nucleation. In order to determine the crystal location and attempt to control the nucleation, we treated the silicon oxide with self-assembled monolayers (SAMs) to change the surface energy. [73] While the effect of surface treatment on TFT performance has been well established, there have been few conclusive morphology measurements for why it improves mobility. Sirringhaus et al. showed that an HMDS treatment of the silicon oxide substrate improved P3HT mobility over a bare oxide. [45] Salleo et al. have shown that treating the silicon oxide Circles denote a dark area in the phase image and the corresponding areas in the topography. Z-range is 10 nm except in drop-cast film where it is 100 nm. [48] (continued)
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with a SAM increases the mobility for both poly(9,9 0 -dioctylfluorene-co-2,2 0 -bithiophene) [74] and poly [5,58- bis(3-alkyl-2-thienyl)-2,28-bithiophene)] [38] (PQT). Several other groups have also seen similar effects of surface treatment with P3HT and PQT. [55, 75, 76] Another interesting result is that of Chabinyc et al. where they have shown that a PQT film spin-cast on a SAM-treated silicon oxide can be delaminated from the substrate with polydimethylsiloxane and transferred to another substrate with a variety of surface treatments and TFT electrodes. [77] They find that the mobility of the transferred film is independent of the new substrate's surface treatment. Annealing the film on a bare oxide substrate reduces the mobility to that measured for a film cast on a bare oxide. This result suggests that the substrate drives the ordering of at least the first few layers of the film, but provides no information on what the substrate interface is changing about the film.
Similarly to the results of the other processing conditions shown in the previous section, low-MW films are most sensitive to the surface treatment of the substrate. Low-MW films on the more hydrophobic OTS-treated silicon oxide have a mobility 1000 Â higher than that cast on HMDS-treated silicon oxide. This increase in mobility Figure 8 . Out-of-plane x-ray diffraction. a) low and (b) high-MW films spin-cast from chloroform and xylene are shown. Substrate peaks are marked with s. [48] Figure 9. In-plane grazing incidence XRD data. a) Low and (b) high-MW films processed by spincasting from chloroform (before and after anneal), spin-casting from xylene and drop-casting from chloroform are shown. c) compares annealed high and low-MW films spin cast from chloroform and d) compares high and low-MW films spin cast from xylene. [48] 
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is ten times higher than what was achieved for other process modifications for the low-MW films. GIXS measurements of the in-plane diffraction show a large increase in the in-plane p-stacking for the low-MW film on OTS compared to the film on HMDS. This increase agrees with the previous results correlating in-plane p-stacking with mobility. As mentioned in the previous section, the increase in in-plane p-stacking is a result of a net change in crystal orientation and reduces the concentration of insulating grain boundaries in the field of transport, causing more percolation paths for charge to travel through the film. Since the GIXS of low-MW film on OTS showed a large increase in the in-plane p-stacking compared to the one cast on HMDS and the out-ofplane alkyl peaks increased in intensity, our previous results would predict an increase in the concentration of the highly oriented crystals on OTS-treated substrates. Rocking curves confirm this (Fig. 11 ). The primary difference between low-MW films cast on OTS and those cast on HMDS is the highly oriented crystals. Since the backgrounds of the rocking curves of low-MW films on both substrates are similar and the oriented fraction is different, it seems likely that the highly oriented crystals nucleate from the substrate while the background scattering is in the film bulk and surface. This measurement also shows that the increase in intensity in the out-of-plane (100) Bragg peaks on OTS-treated substrates is entirely due to the oriented crystals. Additional evidence for substrate nucleation comes from AFM images of the substrate and the film surface. The oxidized silicon wafer substrates are flatter than the film surface. The AFM images of the annealed low-MW film cast on HMDS in Fig. 7 shows slope variations of greater than 0.3 degrees. The slope is due to the inclination of the crystals at the top surface and is not due to crystal steps, which would have a step size of 1.5 nm that could be easily resolved with AFM. Since these crystal orientation variations are an order of magnitude greater than the width of the rocking curve peaks for the same films, the crystals cannot be nucleated at the air-film interface.
Rocking curves thus provide a means for measuring crystals at the buried interface with the dielectric where all TFT current travels. The increase in the concentration of oriented Figure 10 . Rocking curves of a low-MW film before and after annealing. Inset is zoomed in and plotted on log scale. crystals is expected to increase the number of good grain boundaries in the plane of charge transport by a combination of better overlap between the conducting crystal faces and increased vertical registry of the conjugated planes of neighboring crystals (Fig. 4) . The increased vertical registry is a result of crystals nucleating from a flat substrate and is measured by the rocking curve peak width. The peak width of the measured rocking curves corresponds to a lateral coherence length greater than 10 mms for the conjugated planes. These results suggest that benefits of in-plane p-stacking for TFT mobility are due to the corresponding increase in electrical connectivity between grains in the plane of charge transport.
Conclusions
We have presented a series of experiments studying the morphology and charge transport of regioregular P3HT. The MW clearly has a profound effect on both of these properties. As expected, low-MW films have a higher degree of crystallinity than high-MW films. Surprisingly, the less-ordered films have the higher mobility. We have shown that poor connectivity and insulating grain boundaries between misoriented neighboring crystals limit the charge carrier mobility of as-spun low-MW films. Varying the processing by allowing more time for crystallization or by changing the surface treatment causes the crystals to preferentially orient with their insulating side chains normal to the substrate and thus reduces the number of in-plane insulating grain boundaries and increases the charge carrier mobility. The chains of the medium and high-MW films are longer than the domains and minimize the effects of the grain boundaries by bridging neighboring grains. 
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